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PREFACE

Vortex wake turbulence has been the subject of extensive study,
testing and analysis by the academic, scientific and aviation community
for many years. The scope of these studies is illustrated by the extensive

number of reports and papers previously issued on this subject.

The introduction of the jumbo jets, Lockheed C5A and Boeing 747,
focused renewed attention on wing-tip vortices because the earlier studies
and theoretical projections indicated that airplane size and weight were
significant factors affecting the core diameter, tangential velocities
and field of )nfluence of wing-tip vortices.

This report covers the 1970 flight test program conducted by the
Federal Aviation Administration in joint participation with the National
Aeronautics and Space Administration and the Boeing Company.

Other organizations that actively participated or provided personnel/
resource~s include:

Atomic Energy Commission
Environnental Science Services Administration
Flying Tiger Air Line
Japan Air Lines
Pan American World Airways
Trans World Air Lines

United Aie Lines
United Staces Air Force

Key participants in the test program include:

Mr. William Andrews, Senior Research Scientist, NASA Flight
Research Center

Mr. Glenn H. Robinson, Research Scientist, NASA, Flight Research
Center

Mr. Richard R. Larson, Research Scientist, NASA Flight Research
Center

Mr. Gary Krier, Pilot, NASi Flight Research Certer
Mr. Fred J. Drinkwater, Research Pilot, NASA Ames Research Center
Mr. C. T. Jackson, Jr., Research Scientist, NASA Ames Research

Center
Brig. Gen. Alton D. Slay, Commander Air Force Flight Test

Center, Edwards AFB
Col. Jesse P. Jacobs, Director, C-5A Test Operations, Edwards AFB
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Col. Ralph Matsen, Deputy Director of C-5A, Edwards AFB
Mr. Phil Condit, Senior Aerodynamicist, The Boeing Company
Mr. Pete Tracy, Co-Author of Boeing Report, The Boeing Company

Mr. William H. Cook, Director of Engineering Technology, The
Boeing Company

Mr. Brian F. Wygle, Director of Flight Operations, The Boeing
Company

Mr. Leo Garodz, National Aviation Facilities E::perimental Center, FAA
Mr. Joseph Tymczyszyn, Test Pilot, Western Region, FAA

Mr. Walt Luffsey, Systems Research & Development Service, FAA
Mr. Ray Baran, Air Traffic Service, FAA
Mr. Dave Snowden, Flight Standards Service, FAA
Mr. Joseph Bailey, Project Pilot, NAFEC

In addition to the active participation of these individuals and

organizations, liaison was maintained and input received from many segments
of the scientific, academic and aviation community. This input is reflected
in eeveral of the conclusions, .7ecommundations, and descriptive sections
of this report.
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SUMMARY

A flight test program designed to obtain data on the characteristics
of wing-tip vortices generated by large jet aircraft was initiated on
12 February 1970. The objective was to update the interim air traffic
separation standards issued on 21 January 1970 restricting the airspace
behind the B-747 and C-5A aircraft 600 either side and 2,000 feet beiow
to a distance of 10 miles.

The program involved flight tests at three different locations,
which were conducted simultaneously.

1. At the Edwards Air Force Base test range, a NASA CV-990 and
F-104 probed the vortices of a C-5A. This supplemented previous
flight tests in U-3A and F-104 bhind a B-52 and C-5A.

2. At Seattle, the Boeing Company probed the vortices of a B-747
and a B-707-300 with a B-737 and F-86. In addition, approach,
landing, takeoff, and crossing runway tests were conducted

with a B-737 trailing a B-747. Immediately following the Edwards
tests, the NASA CV-990 proceeded to Seattle and engaged in
probing flights behind the same B-747 and B-707-300.

3. At Idaho Falls, Idaho, FAA personnel, utilizing the Atomic
Energy Commission and Environmental Science Services Administration

facilities and a 200 ft. instrumented tower, conducted 114 flights
past the tower. The aircraft were positioned to permit their

vortices to descend into the air flow sensors and smoke generated
from various levels on the tower. This permitted obtaining measure-
ments and photography of the vcrtex core diameters, tangential
ve)jcities and related characteristics.

Immediately following this test phase, analysis of the interrelated
data was completed by the project managers representing NASA, Boeing
and FAA and a Compilation of Work Papers was issued on 30 April 1970.

These data were the basis of a reirised General Not!ze issued on
26 February 1970 which, in essence, modified the restricted aLrspace
to five miles behind heavy jets in the 300,000 lb. gross takeoff weight
category.

The test results dictated the need for a Phase II program having
three objectives:

1. To obtain additional data on the effect of the vortices generated
by jumbo and meudium waight !at transport's on the short-haul
class of jet transport airplanes.
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2. To further evaluate the effect of vortices generated by light,
medium, and heavy jet transports on representative executive
jets and general aviation type aircraft.

3. To determine the attenuation factors when vortices are generated
in ground effect or descend into ground effect, combined with
time history characteristics of vortex systems under various
ambient surface wind conditions.

The follow-on (Phase II) test program and submission of test results
was completed on 23 November 1970.

It should be noted that the body of this report covers only the
highlights of the test programs in summary format. The complete coverage
of the individual test programs is contained in the reports tabulated in
the list of references.
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SCOPE OF THE TEST PROGRAM

1. FLIGHT TEST PROGRAM - PHASE I

A. Tests Conducted by NASA at Edwards and Seattle

This portion of the program was directed by the NASA Flight Research

Center. A summary of the test airplanes used in the program and

the related aircraft configurations and separation distances

investigated is shown in Figure 1.

Wake Generating Aircraft Probe Airplanes
Aircraft Test configuration zange

Airspeed - 135 to 170 knots LU-3A

Altitude - 10,000 to 12,500 ft

C-SA Gross weight - 440,000 to 590,000 lb F-104
Flaps - clean, takeoff, landing

* CV-990

Airspeed - 170 to 250 knots
Altitude - 15,000 ft

Boeing 747 Gross weight - 558,000 to 606,000 lb CV-990 J
Flaps - clean, approach

Airspeed - 165 to 250 knots
Boeing Altitude - 15,000 ft
707-320C Gross weight - 265,000 to 280,000 lb CV-990

Flaps - clean, approach

Aircraft Separation Range, Nautical Miles

FIGURE 1. Phase I - NASA - Edwards

AFB and Seattle, Wasbington



During this phase of the tests, the probe airplane was positioned
in the right-hand vortex and the pilot was requested to fly and
maintain the airplane in the wake from the maximum rai z of detection
to a minimum separation distance specified, Also, during a major
portion of this phase of the testing, the piloc of the probe airplane
was further instructed to return the airplane to the wake path as
soon as possible following an upset generated by the wake. The
main reason for conducting the test in this manner was to establish
the wake persistence, the apparent intensity, the associated airplane
upset tendency, and the vertical location of the wake relative to
the generating airplane.

During the flight testing performed in tae local area of Edwards,
California, a race-track pattern was established between Mojave
and Harpers Dry Lake at the assigned altitude. The normal engine
exhaust smoke trail from the C-5A was relied on to identify the
location of the vortex trail. In the region from 1 to 4 nautical
miles, the smoke trail was well defined; however, the region of
highdst wake intensity was not easily located. During these tests,
the probe and generating aircraft separation distance was resolved
by the Air Force Space Positioning Branch. FPS-16 and Nike Ajax
radars were used, and a major portion of the tests were observed
and recorded on a video tape system.

Instrumentation, During the tests conducted with the Convair 990
and U-3A probe aircraft, the same data package was used to record
the basic airplane responses. The recorded parameters included
the following:

Airspeed
Altitude
Normal acceleration
Longitudinal acceleration Center of Gravity
Transverse acceleration .2
Pitch velocity
Roll velocity
Yaw velocity
Lateral-control positions -
Wheel position of CV-990
Aileron position of U. 3A

The data were recorded on a 14-track FM tape recorder installed
in the package.

A summary c.f the average vertical vortex location as a function
of aircraft separation range recorded during tests with the C-5A
and earlier B-52 flights at low altitude in the clean and landing
configurations is shown in Figure 2. The atmospheric lapse rate
for these data varied from -1.90C to -2.70C per 1000 feet of
altitude change.

12
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In addition to the above data runs, the F-104 was used to observe the
vertical vortex path of the C-5A during cruise at a Mach number of
approximately 0.8 and an altitude of 37,000 feet. The vortex path
was identified by condensation trails.

The F-104 response while flying behind the C-5A in the clean and land-

ing-flaps configurations is shown in Figures 3, 4, and 5. Vortex
penetration speed of the F-104 varied from 250 to 300 knots. By
observing Figures 3(a) and (b) and comparing the aileron inputs with

the roll response at discrete points, it can be seen that excessive
and large aileron control displacement is requif-ed to maintain position
in the vortex path. It appearad in some cases tiat the generated roll

rate may have been exceeding the lateral-control power avail.lae to
the pilot. During the test runs at the close range; i.e., 3.6 nautical
miles, the control activity increased considerably in spite of the fact
that the roll velocity appeared to be reduced.

Right 200

100
Roll
rate. 0

deg/sec
too

0 8 16I 24 32 40 48 56 ' 64

rime. sec

(a) flsngc. 9 Zto$8.6 rtsuic ! miles.

Rotl 200

200

8 ight 25r Fl deection

Tot I
I-deflection. 16

0 a tG 24 32 40 48 56 61

711,,. Sec

(b) R lng e. 3.6 G n.uttc 2l miles

FIGURE 3. Typical time histories of the F-104 airplane probing the wing
vortex of the C-SA airplane. C-5A: airspeed - 170 knots,L
altitude - 12,500 ft. gross weight - 456,000 lb, clean
configuration; F-104: airspeed- 250 knots
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f On several occasions during this type of vortex penetration run,
the F-.104 was actually thrown from the wake and large excursions
in airspeed and altitude resulted. Figures 4(a) and (b) illustrate
two such occurrences at separation ranges of 4.2 and 9.2 nautical
miles. The time and aileron deflection scale of this time history
have been expanded so that the initial roll accelerations (slope
of the rcll rate) may be observed with the corresponding lateral-
control input. For the conditions at 4.2 nautical miles, it was
obvious that the roll acceleration resulting from the vortex wake
influence far exceeded the lateral-control power, even considering
that an initial lead input was made with aileron to prevent the
roll from developing. At 9.25 nautical miles, the maximum roll
acceleration attained appeared to be slightly greater than that
experienced at 4.2 nautical miles. However, in this case it
appeared that the lateral control applied was sufficient to
prevent the peak roll from exceeding 120 degrees per second.
In either case, based on the related roll accelerations exper-
ienced, there does not appear to be an appreciable attenuation
of the vortex influence over the range of test conditions.
During these runs, the respective airplane upsets resulted in
altitude and airspeed excursions of approximately 1200 feet and
+15 knots.

sot.
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fO ft so
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(b t 1g.. .0 tcint

FIGURE 4. C-5A airspeed -. 47 knots,*4 altitue 250fgrs

_= , - 584000 lb, clean configuration; F-i04: airspeed -
300 knots.
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Figure 5(a) and (b) presents similar data to illustrate the

influence of the extended flaps on the C-5A. In general,
the pilots indicated that the flaps appeared to diffuse the

smoke in the wake, and the control task was believed to have

been reduced. For the conditions illustrated, some slight
reduction in the induced roll rates may be observed; however,

there still appears to be a comparable amount of control
activity. This may be attributed to the superimposed

influence of the deflected flap on the basic wing vortex

flow field, which could produce an increase in the turbulence

level and a reduction in the rotational flow with a subsequent

reduction in induced roll rate.

The data obtained in both the U-3A and the F-104 served to

illustrate the responsive behavior of a short-span airplane

flying in the vortex wake of a large jet airplane.

Right 200[

oo-
10. 0

deg/sec 
00

DI
Right 25 - Full dcflection

aileron 0

deflection.
deg

25t

0 8 6 24 32 40 48 56 64

Time. soe

(W)Range. 7.4 to 1. 9 nautical miles.

Right 
2 00 r

1001Roll _
rate. . A . - -. A

deg/sec 
[

Ritght 25 Full deflection

aieron 0 - Wdeflection
der. 251 e V

0 8 to 24 32 40 48 56 64

Time. sec

(b) Range. 2. I to 1.0 nautical miles.

FIGURE 5. C-5A: airspeed - 170 knots, altitude - 12,500 ft, gross
weight - 452,000 lb, landing-flap configuration; F.-104:

airspeed - 250 knots.

6



Time histories of the Convair 990 airplane flying in the
wake of the C-5A are shown in Figure 6. It may be seen that

the roll responses of this larger airplane are considerably
reduced from those observed in the tests with the smaller
airplanes.

Right .8

.4-
Roll
rate, 0 .......

rad/sec

.81

eIght 80 Full deflection

Lateral 40

wheel 0
deflection, 40

deg

0 4 8 12 16 20 24 28 32

Time, see

Range, 3.0 nautical miles.

Right .8

Roll .4
rate, 01[ / "- _

rad/scc

Right 8 0 l Full deflection

Lateral 40I AL U 1ni-JJLU( J
wheel 0 w

deflection, 40 V
deg 0

4 8 12 16 2- 24 28 32

Time, sec

Range, 8 nautical miles.

FIGURE 6. Typical time histories of the Convair 990 airplane probing

the wing vortex of the C-SA airplane. C-5A: airspeed - 170

knots, altitude - 12,500 ft, gross weight - 496,000 lb,

clean configuration; CV-990: airspeed - 250 knots.
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FIGURE 6. (Continued) C-A: airspeed - 165 knots, altitude -12,500 ft.
Gross weight - 489,000 lb, landing approach configuration;
CV-990: airspeed - 250 knots.

A time history of the Convair 990 response to the B-747 airplane wing
vortex at ranges of 3, 7, and 8 nautical miles is shown in Figure 7.~As in the C-A tests, the CV-990 probed the B-747 wake at an air-~speed of 250 knots. The B-747 was flown in the clean and approach-

~flap configuration. A general observation of the roll-response and
~control input data is that the roll rates are maintained within theregion of 0.3 and 0.4 radian per second, whereas control-wheel motions
~vary between 70 ° right and 700 left, which is full travel for the

CV-990. The only noticeable differences are that in the close separa-
tion ranges, for both configuratio'ns, the frequency of control motion
is somewhat reduced and in many cases full wheel is maintained to
oppose the rolling moment of the vortex for approximately 5 to 6
secnds. In the region of 7 nautical miles separation, it appears
tna the amount of wheel deflection is slightly reduced while the

s ol

frequency of control input is somewhat increased. From these data,
there does not appear to be an apparent effect of configuration on the
control required although the pilots indicated that the workload appeared
to be reduced in the landing configuration.
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FIGURE 7. Typical time history of the Convair 990 airplane probing the
wing vortex of the Boeing 747 airplane. Boeing 747: airspeed -
252 knots, altitude - 15,000 ft, gross weight - 570,000 lb,
clean configurati-n; CV-990: airspeed 250 knots.

Ric
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FIGURE 7. (Continued) Boeing 747: airspeed - 172 knots, altitude-
15,000 ft, gross weight - 565:000 1-b. landing apro-ach
configuration, gear down; CV-990: airspeed - 175 knots.
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Time histories of the CV-990 probing the wake of the Boeing
707-320C airplane at rang:s of 3, 7, and 8 nautical miles is
shown in Figure 8. The B-707 clean and landing-approach
configurations were evaluated. The roll rates observed during
these four runs varied up to 0.3 radian and the control activity
was comparable to that experienced behind the B-747. At theranges of 8 and 7 nautical miles, there is some indication that
the wake intensity had dissipated; however, it should be noted
that the location of the wake of the 707 was more difficult to
find, partictilarly at the larger separation rauges.

Right .8

.4-
Roll N .-Ys c ." .- -,- .. . .' rate.

.8i

Right 80- Full deflection
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wheel Cdeflection, J\w
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Time, see

Range, 3 nautical miles.

Right. 8

Roll .4,

rate. 0 ___________________________________

Right 80 Full deflection

Ls:rl40- 
nwheel

deflection.
deg 40-

I I 8 12 16 20 24 28 32
Time. see

Range, 7 nautical miles.

FIGURE 8. Typical time history of the Convai 990 airplane probing
the wing vortex of the Boeing 707-320C airplane. Boeing
707-320C: airspeed - 248 knots, altitude - 15,000 ft,
gross weight - 280,000 Ib, clean configuration; CV-990:
airspeed - 250 knots.
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FIGURE 8. (Continued) Boeing 707-320C: airspeed - 165 knots, altitude
15,000 ft, gross weight - 275,000 lb, landing approachI. configuration, gear down.



A summary of the roll-rate excursions experienced by the probe
airplanes over the range of separation distances investigated

as a function of the wing-span ratio of the probe to the
generating airplane is shown in Figure 9. A comparison of
the CV-990 response with that of the F-104 illustrates the
sensitivity of the short-span airplanes to the vortex of the

large generating airplanc;. The symbols (and faired curves)
included in the figure for separation ranges of 1.4, 3.5,
and 9.5 nautical miles were derived by the technique presented

in "A Flight Investigation Into the Persistence of Trailing

Vortices Behind Large Aircraft" by T. H. Kerr and F. Dee.

This calculation represents the predicted roll rate that would
be induced on the F-104 and CV-990 by the wing vortex system

on the C-5A airplane Eor the conditions flown. This simplified
calculation appeared optimistic for the airplanes with a short
wing span and conservative for the larger transport airplanes.
A more detailed evaluation of the onboard recorded data from
the probe airplanes revealed that the magnitude of sideslip

response in conjunction with the phasing of lateral-control
input had a considerably stronger impact on the overall roll
excursions experienced than the induced roll-rate calculation

would predict.

170

160

F- 104,C-5A
150

140

Calculated response (ref. 1)
130 Separation

range, n. mi.
120 0 1.4

3.5
110 9.5

100-

90

.Roll 80
rate,

deg/sec 70

60-
soN
50O

40 -

30 CV-990/B-747

20 111 gCV-990/B-707-366

10CVs90/C,5

0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1

Span of track ng airplane
Spa! of generating airplane

FIGURE 9. Summary of the roll-rate response of the probe airplanes
as a function of wing-span ratio.
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Based on this portion of the flight test prog-'am, the following
highlight observations were noted.

(1) Wing vortex wake behavior is significantly different from
that anticipated and that more comprehensive tests would
be required.

(2) Vortex wake may be "detected" up to distances of 20 nautical
miles.

(3) Wake intensity or strength is influenced by the generating
aircraft speed and conofiguration. The strongest wake is
generated by the C-5A and B-747 airplanes in the clean
configuration. When the C-5A was in the landing configura-
tion, there was a noticcable reduction in the vortex influence
within the 6.5 to 8.5 nautical mile range.

(4) At holding or landing approach speeds, the average vertical
downwash path of the vortex extends to 750/1000 ft. below
the generating airplane at a range of 9 to 1l nautical
miles.

(5) The CV-990 airplane did not experience any uncontrollable
upsets or large airspeed/altitude excursions while probing
the vortex wake of the C-5A, B-747 or B-707-300 airplanes.

(6) The upset and resulting excursions experienced in the U-3A
and F-104 tests with the B-52 and C-5A indicace that the

$ "- -separation criteria should be expanded for small, general
aviation and executive jet classes of airplanes.

13



B. Tests Conducted by Boeing at Seattle

The Boeing portion of the wake turbulence test program was aimedat a direct comparison between the B-747 and a representative
from the current fleet. A 707-320C was chosen for this rolein the test program. The effects of a wake encounter weremeasured with the smallest Boeing jet transport, the 737-100.An F-86 was also used in order to obtain subjective data on
the effects of span.

Weke Ceneratirg Aircraft Probe Airplanes
Aircraft Test configuration range

Airspeed - 170 to 268
Altitude - Touchdown to 8905 ftBoeing 7 Cross Wei&ht - 513,000 to 608,000 lb
Flaps - Clean, takeoff, epproach,

landing 86 probes for

subjective data
Airspeed - 182 '.o 271

Boeing 707- Altitude - 6360 to 8,920 ft320C Gross weiS-1t - 264,000 to 275,000 lb .737
Flaps - clean, app=oach

0 2 4 8 10

Air-raft Separation Range, Nautical Miles

FIGURE 10. Phase I - Boeing- Seattle, Washington

Special Equipment. Based on earlier testing, it was found
desirable to visualize the vortex wake. Two systems weredesigned for this purpose; wing tip mounted smoke grenades andoil introduced into the primary nozzle of the outboard engines.The tip smoke system used 12 grenades, wired to fire in salvosof 3. Flight tests indicated that all 12 grenades were requiredto provide sufficient smoke volume, and the system was discardedas too inefficient. Subsequently, Corvus oil was injected into thehot section of the outboard engines. The smoke flow from theoutboard engines was entrained into the trailing vortices. Thissystem worked very well aad was used during most of the rest program.

14



I
Both of the Boeing chase aircraft were equipped with bore-

sighted Milikan movie cameras, These cameras were calibrated
so chat range information could be obtained by measuring the
span (or engine span) of the lead aircraft. For the landing
tests, a forward looking 35 mm APAC camera was installed in the
nose radome of the B-737.

Conduct of the Testing. The comparative testing behind the
B-747 and B-707 was conducted with the two lead aircraft flying
formation approximately 3000 teet apart. This assured similar
flight conditions and allowed the chase aircraft to encounter
the wake at the same separation and make a direct comparison.
Two flight conditions were used; clean at 250 knots and approach
flaps at approximately 160 knots.

Takeoff and landing tests were conducted with the 737
following the 747 at spacings from 1.7 to 3.1 nautical miles.
These tests were conducted to evaluate wake turbulence near
the runway. An intentional vortex encounter was set up by
flying low and to the left on one approach.

A runway crossing condition was flown with the 747 rotating
prior to the intersection and the 737 lifting off through the
intersection 68 seconds later.

Data Systems. The B-737 was equipped with a standard set of
flight test instrumentation. From this instrumentation, the
following data was selected for display as a function of time:

Flight Condition
Indicated Airspeed
True Airspeed
Altitude
Ambient Temperature

Airflow
Angle of Attach Vane

Sideslip Pressure

Response
Pitch Angle
Bank Angle
Yaw Angle

Lateral Acceleration
Normal Accelaration (cg and pilot's station)

Control Positions
Elevator Angle
Spoiler Angles
Aileron Angle
Control Wheel Position

15



For range iniormation, three independent sources were
*used. A visual, hand-held sight was used by the copilot

in the chase aircraft to get approximate range. The engine
smoke could be started sharply and by measuring the time

from the start of smoke until it reached the chase aircraft,
the range could be computed. Also, ground radar ranging,

prrvided by the FAA, was used as primary range i.n'ormation
for the B-737 probes behind the B-747 and B-707.

Range information for the landing tests was obtained

on the ground by timing the separation between the 747 and
737 over the threshold. For these tests, smoke was provided
on the ground as well as from both outboard engines of the
747. Smoke grenades on poles were positioned at the threshold
and at 500 and 1000 feet down the runway on both sides. Camera
coverage was provided from under the approach path looking Aown
the runway and from the side. The final two items were the
position of the wake relative to the generating aircraft and
the ground, and the duration of the wake. The arrangement of
the smoke and cameras is shown in Figure 11.
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FIGURE 11. G.-ant County Airport Test Arrangent
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747/707 Comparative Wake Strength. In order to obtain a

direct comparison of the wake turbulence generated by the
747 and 707, the 737 encountered one wake and then the

other at the same separation .distance (Figure 12).
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FIGURE 12. 737 Peak Accelerations Flying in Wakes of

747/707.
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